The primary processes in odour perception, i.e. recognition and transduction of olfactory stimuli, are mediated by the chemosensory olfactory neurons. Interaction of odorous compounds with suitable receptor proteins in the membrane of a subset of cells elicits chemo-electrical transduction pathways, including second messenger cascades and ion channels, that modulate the excitability of the sensory neurons, i.e. converting the chemical stimulus into electrical impulses. The encoded information is conveyed via the axons onto distinct glomeruli in the olfactory bulb. Olfactory sensory cells expressing the same receptor type are segregated spatially in a distinct zone of the nasal epithelium and converge their axons to one or a few distinct glomeruli. The emerging chemotopic maps are considered to be crucial for processing and encoding sensory information of olfactory stimuli.
Chemoreception in vertebrates is an integrated, multimodal sensation, that is composed mainly of inputs from the olfactory, gustatory and trigeminal systems. The sense of smell most notably contributes to create an internal representation of the chemical environment and is responsible for the perception of flavours and aromas, as well as chemical signals that initiate behavioural responses that are important for survival and reproductive status. The olfactory system is specialized to detect small airborne molecules at concentrations as low as a few parts per trillion and to discriminate among myriads of distinct compounds. An understanding of the mechanisms that underlie the remarkable sensory capacity, as well as the principle for encoding the complex sensory information, is a major objective for research in olfaction. The process of olfactory perception begins when volatile compounds approach (via the respiratory air-stream) the nasal neuroepithelium where millions of distinct olfactory sensory cells reside. Each of these nerve cells projects an axon to the olfactory bulb and extends a dendritic process to the nasal lumen. The tip of the apical dendrite carries 5-10 immotile cilia, the actual chemosensory structures, which are embedded in the protecting nasal mucus. The transfer of hydrophobic odorous compounds through the mucus towards the chemosensory cilia appears to be aided by specialized globular proteins, the odorant-binding proteins, which are members of the lipocalin family [1] . Upon interaction of odorants with the chemosensory cilia of appropriate olfactory cells, the processes of chemo-electrical signal transduction are elicited, leading to an inwardly depolarizing current that ultimately triggers the action potential which is conveyed to and deciphered by higher brain centres. In most of the ciliated olfactory sensory neurons the signal transduction seems to be mediated via the G olf /adenylate cyclase III (ACIII)/cAMPpathway. Interaction of suitable odorants with the ciliary membrane activates (via distinct receptor proteins) multiple trimeric G-proteins, each of which stimulates the specific ACIII, thereby efficiently generating cAMP. This leads to a very rapid and transient increase in cAMP concentration with a time-course of a few hundred milliseconds [2] . Starting from a presumed micromolar concentration of cAMP, the observed 5-10-fold increase brings the cAMP-level well above the K d -value determined for the nucleotide-gated channels in the ciliary membrane. The elevated cAMP level triggers cellular depolarization by opening cyclic-nucleotide-gated ion channels, which are preferentially permeable to Ca 2+ ions, which causes an elevation of the intracellular Ca 2+ concentration ( Figure 1 ). In the cilia of olfactory sensory neurons, elevation of Ca 2+ concentration activates ion channels that allow permeation of Cl − ions. Interestingly, the Ca 2+ -activated Cl − conductance further depolarizes the cell. This untypical reaction is based on the unusual high intracellular Cl − concentration in olfactory neurons leading to an efflux of Cl − ions through the Ca 2+ -activated chloride channels. The Ca 2+ -mediated linkage from cyclic-nucleotide-gated channels to Cl − channels has been considered as a mechanism that contributes to the high-gain and low-noise amplification of olfactory neuron responses [3] . The transduction cascade is reset by terminating the formation of cAMP via feedback reactions, including receptor phosphorylation, GTPaseactivity of Gα-subunits, Ca 2+ -block of cyclic-nucleotidegated (CNG)-channels and by hydrolysis of cAMP into 5 -AMP catalysed by the phosphodiesterase (PDE) isoform PDE4A [4] .
In addition to the majority of olfactory cells, there is a small population of sensory neurons which do not express of the typical transduction elements, like G olf , ACIII, PDE4A, but instead express a characteristic receptor-guanylate cyclase, PDE2 and a particular channel type [5, 6] . These sensory neurons, which project to the so-called 'necklace glomeruli', are supposed to be tuned to unique odorants; however, neither the receptor/transduction mechanisms nor the relevant odours or pheromones for the cells have been identified yet.
Moreover, a third group of sensory cells, the most notable of which are the microvillus neurons, which are the major sensory cell type in the vomeronasal organ (VNO), appear to employ the PtdIns(4,5)P 2 /phospholipase C/Ins(1,4,5)P 3 pathway for signal transduction. Transduction elements, such as G olf , ACIII and CNG-channels, are absent from these cells; instead they express G-proteins of the G o -or G i2 -subtypes and ion channels that are members of the 'transient receptor potential' (TRP) family. It was found that the subtype TRP2 is located in the microvilli of VNO cells [7] , suggesting a functional role of this channel in signal processing, a notion that was recently supported by studying knock-out mice strains [8, 9] . The emerging picture for a key role of the phosphoinositide cascade in VNO sensory cells is supported by recent studies, which demonstrate that candidate pheromonal proteins, but also urine or seminal fluid, activate phospholipase C in membrane preparations from the VNO [10] [11] [12] [13] . The stimulus-induced increase of the InsP 3 level was accompanied by a decrease of the cAMP concentration, which is probably due to an inhibition of AC type VI [14] . The urine-induced Ins(1,4,5)P 3 formation was found to be mediated by G i -and G o -proteins; more detailed analysis revealed that G i -proteins are activated by lipophilic volatile compounds and G o -proteins by proteinaceous compounds [13] . Consistent with these biochemical results are the results of physiological recordings that indicate that responses of VNO neurons to urine are blocked by pharmacological inhibitors of phospholipase C [15] [16] [17] .
Recent efforts to further evaluate functional implications of phosphoinositide signalling in chemosensory transduction have led to the discovery that not only the phosphoinositide breakdown pathway catalysed by phospholipase C, but also membrane phosphoinositides, may play a functional role in the transduction process. It was found that 3-phosphoinositides signalling in concert with the canonical phosphoinositide turnover pathway modulate the cyclic nucleotide signalling cascade downstream of the receptor. The results suggest that 3-phosphoinositide, the primary product of phosphoinositide 3-kinase activity, attenuates the cyclic nucleotide-dependent excitation of olfactory neurons [18] .
Recognition of adequate odorous compounds by olfactory sensory neurons is accomplished by means of distinct receptor proteins residing in the ciliary membrane. Odorant receptors are members of the G-protein-coupled receptor superfamily; they are encoded by a multigene family that comprises as many as 1000 distinct genes [19] , organized within clusters at many different loci spread over 10 different chromosomes in the mouse genome. Despite the large number of receptor genes, a given sensory neuron seems to express only one type of receptor, derived from a single allele. This notion implies that the approx. 20 million olfactory neurons of a mouse can be subdivided into approx. 1000 subpopulations. Within the olfactory epithelium subpopulations, i.e. groups of 10 000-20 000 olfactory sensory neurons expressing the same receptor type are confined to one of several broad expression zones. Within a zone the neurons of a subpopulation are broadly distributed and surrounded by cells expressing different receptor types [20, 21] . The functional implications of this zonal segregation are still elusive, but it is maintained in the olfactory bulb with each zone of the epithelium projecting to a distinct region of the olfactory bulb. This suggests that olfactory neurons that express the same receptor, as well as those expressing related receptors, project to the same region of the bulb. In contrast with the zonal distribution of most subpopulations, olfactory sensory neurons expressing receptor subtypes of the OR37-subfamily are segregated in a small area on the tip of central turbinates that are spatially organized in clusters [22] . The functional relevance of this unique distribution pattern is unknown; however, it is also maintained in a distinct projection area in the bulb [23] .
Although a given olfactory sensory cell seems to express only one type of receptor, each cell is responsive to a wide, but circumscribed, range of chemical compounds [24, 25] , which supports the notion that the ligand specificity of a distinct olfactory receptor type is selective, but rather non-specific [26] . That means that each sensory neuron is activated by a large variety of odorous compounds, and each of these activates various subpopulations of olfactory neurons, which 5-bromo-4-chloroindol-3-yl β-D-galactopyranoside) staining of a nasal whole mount preparation from a transgenic mouse line reveals olfactory sensory neurons expressing the same olfactory receptor gene The neurons are distributed throughout one particular epithelial zone. Their axons project through the cribriform plate into the olfactory bulb, where they converge on to two distinct glomeruli.
suggests a combinatorial receptor code for odours [25] . How is the brain informed about the populations of sensory neurons which are activated by a distinct odorant? Each olfactory neuron projects a single, unbranched axon to the olfactory bulb where the axon synapses on to the dendrites of mitral and tufted cells. Several thousand olfactory neurons synapse in each of the approx. 2000 glomeruli on the surface of the bulb. Studies that used gene targeting to co-express the marker lacZ or green fluorescent protein with a single receptor gene allowed the visualization of individual axons and demonstrated that all neurons expressing the same receptor type converge on the same two glomeruli located on the lateral and medial hemisphere of the bulb [27] . Thus, olfactory neurons that express the same receptor type are scattered in a distinct zone of the nasal neuroepithelium and their axons converge at two specific sites in the olfactory bulb (Figure 2 ). The projection of neurons expressing highly related receptor gene was explored in transgenic approaches using different markers for different populations; these studies revealed that neurons with very similar receptor types target distinct glomeruli, which are located in the immediate vicinity. The relative position of each glomerulus appears to be not stereotypic but rather -as originally expected -displays some inter-individual variability [23] .
Monitoring the innervation and formation of two neighbouring glomeruli revealed that the target area is diffusely invaded by both neuron populations occupying an overlapping area throughout the prenatal phase. After a process of subcompartimentalizaton around the time of birth, it is in the early postnatal phase when the innervation areas are completely separated and distinct glomerular structures are formed [28] . This is the basis for a sensory map in which inputs for sensory neuron populations with distinct receptor types are segregated in different glomeruli. The convergence of axons from thousands of neurons with the same receptor type on to the same glomeruli probably optimizes the sensitivity to low odour doses by integrating weak signals from many neurons. In addition, the characteristic patterns of inputs may contribute to the neural representation of an odorant.
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